demonstration of a marked reduction in the strength of lightness induction following a minor spatial rearrangement of figure 1 clearly supports Helmholtz's explanation of the phenomenon. The`wall of blocks' pattern in figure 2 looks equally lit but differently painted, (2) yet the contrast at the border of the diamonds remains the same as in figure 1. The consequence of such a rearrangement is quite remarkable, resulting in the strength of the effect being reduced. Likewise, Williams et al (1998a Williams et al ( , 1998b have shown that brightness induction may be essentially enhanced if an additional shadow is cast on the target and surrounding dark area, while keeping the local contrast constant.
Nonetheless, there are difficulties with the Helmholtz-type explanation of lightness induction. First, Helmholtz's claim of an`error of judgment' of illumination is hard to take literally since the lightness induction effect for the homogeneous block picture (figure 1) is experienced in spite of the observer's awareness that the physical illumination for each part of the figure is equal. Obviously, it is more plausible to assume that it is the pictorial apparent illumination of the strips (3) that is judged as different in the homogeneous block picture. However, if this is the case, why do the diamonds (2) Specifically, each block in figure 2 appears to be constructed of two`slabs'öone white and the other dark-grey. (3) That is, the illumination of the wall of blocks as rendered by the picture. Figure 1 . The`wall made from homogeneous blocks' picture. All the horizontal diamond shapes are physically the same, ie they reflect equal amounts of light, but the diamonds in the light strip look darker than the diamonds in the dark strip. The apparent difference in lightness due to the surrounding is usually referred to as lightness induction.
Figure 2. The`wall made from two-slab blocks' picture. The diamonds look equally lit but differently painted. This figure is a pictorial representation of the 3-D prototype in figure 3. in the alternate strips look different in the two-slab block picture (figure 2) too? A possible explanation may be that lightness induction in figure 2 is a residual effect caused by the difference in luminance contrast for the alternate strips (due to the low-level mechanisms). In this case a 3-D prototype of Adelson's`wall made from the two-slab blocks' should produce the same lightness induction as that produced by figure 2.
We have made such a prototype (figure 3). It was constructed from paper printed with the same shades of grey as in figure 2, (4) and, as such, is a true 3-D representation of what is depicted in the two-slab block picture in figure 2. Preliminary observation showed that, having identical reflectance, the top faces of the 3-D display also looked the same. This apparent absence of lightness induction suggests that, under natural viewing conditions, the perceived lightness of a surface is not affected by its surroundings. Since this observation is clearly important for our understanding of lightness perception, we decided to study it quantitatively. In the following experiment we used the Munsell grey scale to measure lightness induction effect in the 3-D cardboard wall of blocks and its pictorial representations. (5) 2 Experiment 2.1 Method 2.1.1 Subjects. Thirty-five observers (six males and twenty-nine females), all volunteers, with an age range of 17^30 years, participated in the study. All observers were students unaware of the purpose of the experiment. They all reported normal or corrected-tonormal vision.
2.1.2 Stimuli and apparatus. The observers were presented with three stimulus displays: (i) a pattern (10 cm610 cm) which looks like a wall made from homogeneous blocks (figure 1); (ii) a pattern (10 cm610 cm) which looks like a wall made from two-slab blocks (figure 2); and (iii) a 3-D prototype of the two-slab block pattern (figure 3)ö 34 cm636 cm. All the stimulus displays were presented against a vertical white paper background (60 cm6100 cm) at a distance of 1 m from the observer.
(4) For lateral sides we used paper of the same reflectance as that of the darker tiles in figure 2.
(5) Strictly speaking, it is only figure 2 (not figure 1) that can be considered as a pictorial representation of the 3-D object, the photograph of which is presented in figure 3 . Two tungsten lamps were arranged to give an even distribution of illumination across the surface of each of the stimuli, especially that of the diamonds in the 3-D display. We measured luminance within a central area of the 3-D display, comprising six diamondsö three in the light strip (row 2) and three in the dark strip (row 3)öusing a spectroradiometer positioned at the point of observation. Five consecutive measurements were made from a circular region in the centre of each of the six diamonds. The diameter of this region (that is, the spot from which the light was gathered and fed into the spectroradiometer) was approximately half the height of the diamond. The results (means and standard errors) are presented in table 1. While a small difference (6) was found between average luminance in the light row (56.9 cd m À2 ) and in the dark row (55.1 cd m À2 ), this difference was not significant (t 1X57; p 0X14). Although the observers reported that all the diamonds within a horizontal row had the same lightness, they were instructed to restrict their attention to this central area when evaluating the lightness of the diamonds.
Lightness evaluation was made on the Munsell 31-step neutral-value scale. The set of Munsell chips was placed directly below the stimulus displays.
2.1.3 Experimental design and procedure. During the experiment each observer completed five sessions, each session consisting of seven trials. During each trial the lightness of the diamonds in the light and dark surrounds of one stimulus display was evaluated. In the first three trials (the first run), observers evaluated lightness of all the three stimulus displays under binocular viewing. In the fourth trial, observers were asked to close one eye and to evaluate the lightness of the diamonds in the 3-D display only. This was undertaken to ascertain the effect, if any, of binocular cues on lightness perception of 3-D objects. In trials five to seven (the second run), observers were asked to make lightness judgments in all three stimulus displays under binocular viewing again. In all, fourteen lightness matches were made during each of five sessions for each observer. One session lasted approximately 15 min. As a rule one session per week was made with each observer. Observers were requested to make no attempt to actively recall any previous matches they had made. (7) The instruction given to observers was to pick out a Munsell chip that looked the same shade of grey as the diamond to be evaluated. Nevertheless, it was soon found that, in spite of this rather straightforward instruction, some observers judged diamonds lighter, because, as they explained,``they looked to be lighter illuminated''. The task was, therefore, clarified by asking observers to choose a chip which looked as if it was made from the same (or closest to) paper that was used to make the diamonds. The rationale was to minimise any ambiguity associated with the words`lighter' or`darker'. At the same time, we did not want to confuse the na|« ve observers with any conceptual distinction between apparent illumination (a bias which we tried to eliminate) and lightness as a phenomenological correlate of surface reflectance (which was of interest to us).
(6) This difference was probably caused by the difference in mutual illumination, with the diamonds in the light row likely to receive more mutual illumination than the diamonds in the dark row. (7) When questioned later, almost all observers reported that they did not remember the matches made during the previous sessions. Table 1 . Luminance measurements (cd m À2 ) for target area of 3-D prototype.
Column 2 Column 3 Column 4 Mean
Row 2 (light surround)
Results
A five-factor ANOVA was performed on the data obtained for binocular viewing. The dependent variable was the Munsell neutral value of the lightness match for the diamonds. The factors were: (i) type of stimulus display (the homogeneous block picture, the two-slab block picture, and the 3-D prototype of the two-slab block picture); (ii) the surround of the diamonds (light or dark); (iii) the session (varied at five levels); (iv) the run (first or second within the session); and (v) the observer. Session and run were found to be non-significant ( p-values were 0.74 and 0.14, respectively). Type of stimulus display, surround of the diamonds, and observer were found to be significant ( p 5 0X001). (8) Then, the data were amalgamated over different sessions and runs. The Wilcoxon rank sum test (Hollander and Wolfe 1973, page 68 ) was used to analyse any difference between the amalgamated data from the sets of matches made by each of the thirtyfive observers for light and dark surrounds for all the three types of objects (the homogeneous block picture, the two-slab block picture, and the 3-D prototype of the two-slab block picture). Twenty-nine observers (83%) showed a significant (at 5% level) lightness induction shift for the homogeneous block pictureöthat is, they judged the diamonds in the dark strips in the homogeneous block picture as being significantly lighter than those in the light strips. However, seven of these twenty-nine observers did not exhibit a significant lightness induction shift for the two-slab block picture. To be more exact, twenty-three observers (only 63%) judged the diamonds in the dark surround in the two-slab block picture as being significantly lighter than those in the light surround. (9) None judged otherwise (ie the diamonds in the light surround as being lighter than those in the dark surround) for either the homogeneous block picture or the two-slab block picture.
Hence, most observers showed a significant lightness induction effect for both pictures. However, there was no clear evidence of lightness induction in the 3-D display. Only seven observers were found to show a significant lightness induction effect for this display. Furthermore, four observers demonstrated just the opposite effect, that is, they judged the diamonds in the light surround as being lighter than those in the dark surround.
The combined data from all thirty-five observers are presented in figure 4 as frequency distributions of the matches for each of six object^surround combinations. A Wilcoxon rank sum analysis of the distributions in figure 4 showed a significant lightness induction effect for the homogeneous block picture ( p 5 0X001) and the twoslab block picture ( p 5 0X001) but not for the 3-D prototype of the two-slab block pattern ( p 0X32), when viewed binocularly.
In order to quantitatively evaluate the lightness shift between the diamonds in different surrounds, we calculated an estimator associated with the Wilcoxon rank sum statistic (Hollander and Wolfe 1973, page 78) , the median of all differences between Munsell matches made for the two surrounds in question. The lightness shift between dark and light surrounds was found to be equal to (i) 0.75 units on the Munsell scale for the homogeneous block picture; (ii) 0.5 units for the two-slab block picture; and (iii) a zero shift for the 3-D display.
The difference in lightness induction between figures 1 and 2 was found to be surprisingly smaller than that reported by Adelson (1993) . Furthermore, no lightness shift was found between the distributions of lightness matches made for the light surround in figures 1 and 2 when using the Wilcoxon rank sum test ( p 0X28).
(8) Unexpectedly, we found large intra-individual differences in lightness matching; these were thought worth investigating in a separate study, which is in progress now. (9) It should be said that one observer paradoxically demonstrated a significant lightness induction effect for figure 2 but not for figure 1. Therefore, the difference in lightness induction between figures 1 and 2 arises from the dark surround. (10) The shift between the distributions obtained for the dark surround in the two pictorial displays was minimal (0.25 units on the Munsell scale) but statistically significant ( p 5 0X001).
A four-factor ANOVA was then performed on the data obtained from the 3-D stimulus display under both binocular and monocular viewing conditions. The four factors were: (i) type of viewing (monocular versus binocular); (ii) surround of the diamonds (light versus dark); (iii) session (varied at five levels); and (iv) observer. The first two factors were found to be non-significant ( p 0X22 for the type of viewing; p 0X26 for the surround); the observer and session factors were significant ( p 5 0X001).
Although it is not completely clear why the session effect proved significant, we noticed that it was always much more difficult for the observers to make the initial match than it was to make later matches within the same session. Moreover, the choice made for the first match very much influenced the subsequent matches. For instance, if the first match was shifted, as compared to that in the previous session, towards the dark end of the Munsell scale, then subsequent matches in the session were likely to be shifted in the same direction. It looked as if an absolute judgment of lightness was a problem whereas a relative judgment took much less effort. At any rate, observers were always quite uncertain about their first match.
The Friedman rank sums test (Hollander and Wolfe 1973, pages 139^146) confirmed that ANOVA result that neither surround nor viewing condition significantly affected the lightness of the diamonds ( p 0X91). As can be seen in figure 5 was found between matches made under the two viewing conditions (monocular and binocular) for both light ( p 0X12) and dark ( p 0X18) surrounds by using the Wilcoxon rank sum test. In other words, no lightness induction effect was perceived in the 3-D display when viewed either monocularly or binocularly.
Discussion
In contrast to Adelson's original findings (Adelson 1993 ) only a small difference was found between figures 1 and 2. Adelson reported that the brightness illusion in the figure 1 type stimulus was over three times as large as that in the figure 2 type stimulus. Our results, on the other hand, suggest a smaller difference between the two stimuli, with strength of the effect being only 33% weaker in the latter stimulus. The difference between the present experimental results and those of Adelson may be accounted for by a number of factors. Adelson used a nulling task, whereby observers were asked to adjust the luminance of the diamonds so as to cancel the illusion, whereas we used the lightness matching technique. More importantly, Adelson's observers were instructed``to judge brightness of the patches on the screen and not to judge the lightness of the 3-D surfaces portrayed'' (Adelson 1993 (Adelson , page 2043 . In other words, Adelson measured a brightness induction effect whereas we measured a lightness induction effect. Finally, Adelson displayed his stimulus patterns on a monitor screen, while we presented the same patterns printed on paper. Agostini and Bruno (1996) showed that lightness induction doubles in magnitude when presented on a monitor screen. Our results are in line with their finding. That is, Adelson's patterns manifested a smaller induction effect when printed on paper than when presented on the monitor screen.
While the lightness induction effect was found to be only slightly less pronounced for the two-slab block picture as compared to the homogeneous block picture, the lightness difference between the diamonds in adjacent rows disappears completely for the 3-D prototype of the two-slab block picture (figure 3). It demonstrates that the effect is not caused by the local contrast at the borders of the diamonds being different for different strips. Indeed, the local contrast at the borders of the diamonds in the two-slab block picture (as well as in the homogeneous block picture) is close to that in the 3-D prototype of it. (11) Thus, any Hering-like theory based on low-level mechanisms driven by local contrast (eg Cornsweet 1970; Kingdom et al 1997) cannot explain why lightness induction is (i) quite pronounced in the homogeneous block picture, (ii) slightly reduced in the two-slab block picture, and (iii) absent in the 3-D prototype of the two-slab block pattern.
Why did lightness induction not manifest itself in our 3-D object? On the one hand, the answer seems to be rather obvious. In the 3-D display all the top faces of the blocks are physically the same, so our observers judged them as having the same lightness. In other words, our observers demonstrated perfect lightness constancy for this 3-D object. Since lightness constancy implies that the immediate surround of the top sides does not affect their lightness, it is not a surprise that we have registered no lightness induction. On the other hand, the 3-D display was supposed to form the same retinal image as (or as close as possible to) that formed by the two-slab block picture (figure 2). Nevertheless, the effect produced by figure 2 gravitates to that produced by figure 1 rather than that produced by the 3-D display.
An important difference between the 3-D model and its pictorial representation is that binocular cues are involved in perception of the former but not of the latter. However, the 3-D display did not exhibit lightness induction under either binocular or monocular viewing. So it would seem that the binocular cues do not contribute to the lightness constancy effect observed for the 3-D display. It is unlikely that the binocular cues are immediately involved in lightness perception as such. Where the binocular cues have been shown to be involved in lightness perception, these cues were generally used to change either the spatial perceptual organisation of the whole scene (eg Gilchrist 1977) , or the apparent illumination (eg Logvinenko and Menshikova 1994) . That is, the effect of binocular cues on lightness perception was indirect insofar as it was always mediated by other perceptual dimensions.
Admittedly, while we have done our best to minimise a difference between the retinal images produced by the 3-D model of the two-slab wall of blocks and its pictorial representation, still they form, strictly speaking, different images on the retina. A number of factors could have resulted in them not being identical. For example, the slant of the top faces, relative to the observer's gaze, is slightly different for different rows. This may have produced some difference in the intensity of the light reflected from the top faces in different rows. Furthermore, the top faces may have become contaminated with dust which may also have changed the intensity of the reflected light. Finally, light reflected from the top faces of the blocks is affected by reflections from the adjacent sides of the blocks which are completely different (either dark or (11) As mentioned above, the lateral sides of the cubes in the 3-D display were made of paper with the same reflectance as one of two tiles comprising the two-slab block picture (namely, the darker ones). Thus the luminance ratio between the darker sides and diamonds in the two-slab block picture was supposed to be the same as that between all lateral sides of the diamonds in the 3-D display. To make sure that this was the case in our experiment, we measured the luminance ratio at the border of the diamonds in the 3-D display and the two-slab block picture (where they were supposed to be equal) with the spectroradiometer positioned at the point of the observers' view. The results were as follows: for the diamonds surrounded by light sides the ratio was 0X538 AE 0X015 and 0X593 AE 0X013 for the 3-D display and the two-slab block picture, respectively. For the diamonds surrounded by dark sides the ratio was 1X342 AE 0X022 and 1X548 AE 0X050 for the 3-D display and the two-slab block picture, respectively. In both cases (ie for dark and light surround) t-test showed no significant difference at the 1% level of significance. light). Thus, although the top faces of each of the blocks were made from identical paper, there may have been some differences in the light reflected from the top sides in different rows. However, with the exception of mutual illumination, all these factors could only account for a difference in lightness perception if such a difference were found. On the contrary, the direction of the difference in luminance produced by the mutual illumination opposes the possible induction effect. If this difference were large, it might nullify the induction effect. In fact, as follows from table 1, this difference was negligibly small. Thus, mutual illumination should also be dismissed as an account of the lack of lightness induction for the 3-D display.
Alternatively, one might suggest that 3-D objects do not produce lightness induction because, by its nature, lightness induction is a pictorial phenomenon. That lightness induction is a phenomenon of pictorial (as contrasted to natural) vision is the main point of a new account of lightness induction put forward recently (Logvinenko 1999 ). This account is applicable only to pictures. It rests on a lightness^shadow invariance (Logvinenko 1997; Logvinenko and Menshikova 1994) much as Gregory's`inappropriate constancy scaling' theory of geometrical illusions (Gregory 1974 ) rests on apparent size^distance invariance (Kilpatrick and Ittelson 1953) . More specifically, the account is based on two assumptions. First, we assume that the invariant relationship between lightness and shadow at the level of natural vision holds true. Second, we assume that the pictorial cues for illumination trigger a hypothetical perceptual mechanism securing this invariant relationship, thus inducing a lightness shift (lightness induction). At the same time, abundant cues for real illumination of the picture (which is usually homogeneous) secure veridical perception of illumination. Our data corroborate such an account of lightness induction, since they show that the lightness induction effect is not observed for a 3-D object but it is observed for its 2-D representation.
Such an approach may help to disentangle an old controversy concerning lightness constancy and lightness induction. Indeed, these two perceptual phenomena cannot both take place at the same time. We suggest that (i) lightness constancy is a phenomenon of natural perception, whereas lightness induction is a feature of pictorial perception; and (ii) lightness induction is a particular case of functioning of a more general perceptual mechanism, namely, the lightness^shadow invariance (Logvinenko 1997) . From this perspective, lightness induction is understood as a sort of visual illusion that is a result of lightness^shadow invariance acting in a reduced, inappropriate form at the level of pictorial perception.
